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Abstract: The ability of the ecosystems to generate services is vital for human
well-being, economic development and even survival. The production of
ecosystem services is influenced by a complex interplay of natural and
anthropogenic factors. Quantitative assessment of the ecosystem services as well
as natural and anthropogenic factors affecting them is a crucial aspect of
sustainable environmental development and management. The paper discusses a
theoretical framework for quantifying ecosystem services and their changes in
response to natural and anthropogenic factors on the basis of a meta-modelling
approach. The effect of anthropogenic factors on the ecosystem components and
services is modelled using corresponding transformation functions. Forest
ecosystems and their services, with a special emphasis on the role of forests in
carbon cycling and sequestration, are considered.
Keywords: Ecosystem services; sustainable environmental management; natural
and anthropogenic factors; forest ecosystem; carbon sequestration.
1

INTRODUCTION

It is widely recognized that ecological systems provide a diverse spectrum of
services that, directly or indirectly, support life on the planet and are thus vital for
human well-being, economic development and even survival. Ecosystem services
can be interpreted as the benefits obtained by people from ecosystem functioning
or existence. In a state-of-the-art study of the Earth’s ecosystems carried out under
the UN-led Millennium Ecosystem Assessment initiative [MA 2005], ecosystem
services have been classified in four broad groups: provisioning, such as the
production of food and water; regulating, such as the control of climate and
disease; supporting, such as nutrient cycles and crop pollination; and cultural, such
as spiritual and recreational benefits. An appraisal of the current state and trends
in the world’s ecosystems and their services was focused on 24 services related to
10 ecosystem types (marine fisheries, coastal, inland waters, forest and woodland,
dryland, island, mountain, polar, cultivated, and urban) and it revealed alarming
signs of the ongoing degradation in at least 15 of 24 services assessed due to the
harmful anthropogenic impacts being caused by the humankind, especially in the
last 50 years.
For the practices of sustainable environmental management, the policy- and
decision-makers need to clearly understand any possible impact on the
ecosystems’ ability to deliver the services under different scenarios of societal
development. Given an open nature of ecological systems [von Bertalanffy 1969],
their dynamics, including the production of services, is formed by an interplay of
natural and anthropogenic factors. Quantitative assessment of the ecosystem
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services as well as natural and anthropogenic factors affecting ecosystems
functioning and the ability to generate the services becomes a crucial aspect of
sustainable environmental development and management [Khaiter 2005a, 2005b,
Khaiter and Erechtchoukova 2007]. A theoretical framework for quantifying
ecosystem services and their changes in response to natural and anthropogenic
factors on the basis of a meta-modelling approach is discussed in the subsequent
sections. The paper considers the forest ecosystems and their services making a
special emphasis on the role of forests in carbon cycling and sequestration.

2

METHODOLOGY

In application to environmental issues, sustainability is understood as maintaining
natural capital and resources [Goodland 1995]. Barett and Odum [2000] suggested
that sustainable development may be viewed in terms of the concept of the
optimum carrying capacity in the same way as it is used in ecology to determine
the upper limits for basic structures and functions of a given ecosystem that can be
sustained by the available incoming energy over long periods in the face of
environmental uncertainties.
It is obvious that sustainable management of natural resources and environmental
systems requires an adequate consideration of various ecological and socioeconomic services provided by ecosystems. An idea of sustainable environmental
management is only possible if multiple goods and services generated by an
ecosystem are properly identified, quantified, valuated and incorporated into the
decision-making process [Khaiter 2005b]. The most favourable strategy of
development can be chosen from the criterion of maximum net environmental
value (MNEV) of the set of complementary ecosystem goods and services. A
practical implementation of this interpretation of environmental sustainability
requires a framework incorporating at the very minimum the following elements: (1)
an adequate theoretical understanding of an ecosystem and its multiple services;
(2) an adequate model of an ecosystem describing internal physical, chemical, and
biological processes and their interrelationships, structure and components of the
ecosystem, laws of its functioning and generation of the services under natural
conditions; (3) understanding of the principles governing responses/reactions of
the ecosystems to exogenously caused stresses including the ability to produce
services; and (4) a model predicting the ecosystem behaviour under the
anthropogenic impacts and the quantities of the services which incorporates
simulation modelling, economic valuation and methods of optimization within a
single theoretical approach [Khaiter and Erechtchoukova 2010].

3

METHODS

In general systems theory [von Bertalanffy 1969], any system is characterized by:
(1) the structure (i.e., parts and their composition); (2) behaviour (i.e., inputs,
internal processing and outputs of material, energy or information); (3)
interconnectivity (i.e., functional as well as structural relationships between the
various parts of a system); and (4) emergentness (i.e., properties and functions
arising out of combining the ecosystem components within a single whole
structure).
In accordance with the general systemology, a natural ecosystem can be defined
as an independent spatiotemporal unit of interrelated living (biotic) components
interacting with non-living (abiotic) factors and the processes governing functioning
and structure of the ecosystem components [e.g. Mueller 1997, Odum 1983]. A
model for the evolution of an ecosystem can be expressed as follows:

M [t , in (t ), x (t ), p (t ), F (t )] = 0,

(1)
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where M is the model dynamics operator; t is the time variable; x(t) is a nonnegative state vector, coordinates of which quantitatively designate biotic and
abiotic constituencies of the ecosystem and their properties, such as richness and
density of species or their assemblages, concentrations of organic and inorganic
matters and polluting substances, etc.; p(t) is a vector of ecosystem parameters;
in(t) is a vector of incoming inputs of environmental factors; F(t) is a vectorfunction of ecosystem processes which represent an interplay of environmental
inputs, state variables and parameters.
When analyzing ecosystem dynamic behaviour, it is important to differentiate
between the contribution of natural factors and the impact caused by
anthropogenic factors making a particular emphasis on anthropogenic stress for
the following reasons [Khaiter and Erechtchoukova 2007]: (1) anthropogenic stress
alters the rate of the ecosystem development, dramatically speeding it up in the
most of the cases; (2) human-caused disturbances are novel and, hence,
“unfamiliar” to the ecosystem, which means that there are no evolutionary
developed compensatory reactions or adaptive mechanisms within the ecosystem
to cope with and sustain the stress. Evolution model (1) describes ecosystem
behaviour under the natural factors and can serve as a base-model level 0,
BaseModel0. If u(t) represents management strategies, ecosystem anthropogenic
dynamics can be interpreted as a meta-model of the base-model:
MetaModel1 = BaseModel0(u).

(2)

Building the transformations BaseModel0 → MetaModel1 is a substantially nontrivial task which requires extensive observation data on the behaviour of the
ecosystem components as they respond to each kind of anthropogenic stress and
combinations thereof.
4

FOREST ECOSYSTEMS AND CARBON SEQUESTRATION

4.1

Forests as multiple service providers

A unique role of forests among other ecosystems is determined by the fact that few
ecosystems can generate as many services as forests. They provide overall
ecosystem health and sustainability, protect water and air quality, support
biodiversity and wildlife habitats, supply recreation and aesthetic enjoyment, etc.
An overview on this issue can be found, e.g., in [Dale 1998].
In order to accommodate the multifunctional role of forests within a single
theoretical approach, the concept of a forest ecological-economic-social (FEES)
system has been proposed [Khaiter 1991, 1996, 2005b, Gorstko and Khaiter,
1991]. According to this concept, the set of possible forest-related services can be
classified into three main categories: (1) ecological amenities that combine
protective and conservational influences on the environment; (2) economic
amenities related to the generation of food, fodder, and industrial raw materials
that are used or that can be potentially used by an economy; and (3) social
amenities that include the creation of comfortable conditions for humans from
sanitary, cultural, aesthetical, recreational, and environmental points-of-view. A
sample list of forest benefits in each of these three categories is shown in Table 1.
Contemporary global climate change [e.g. Houghton et al. 1995] stimulated a
better understanding of an increasing role of forests in greenhouse gases
reduction [e.g., Potter et al. 2001] and nutrient cycling [e.g. Blanco et al. 2005]. At
the same time, recent studies [e.g. Aber et al. 2001] suggested that climate
change, in its turn, affects forest ecosystems and revealed a sophisticated
interplay between natural dynamics, human-induced influence, forest disturbances
and climate change. These mechanisms should be accounted for in quantifying the
forest ecosystem services.
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Table 1 Three categories of forest benefits.
Economic amenities
Wood products (timber
and fuel wood)
Non-timber products:
• wild food (honey,
mushrooms, wild
fruits and latex,
berries, fibers,
nuts, hunting
meat from wild
animals, birds,
and fish)
• raw material
(cork, resin,
mastic gum)
• medicinal plants
• plant genetic
resources

4.2

Ecological amenities
Landscape stabilization
Soil protection from
erosion
Soil moisturizing
Soil enrichment by
nutrients (fertilization)
Pest control
Water quantity regulation
(hydrological function)
Water purification
(hydrochemical function)
Flood control
Climate regulation
Carbon sequestration
Oxygen generation
Global warming
mitigation
Fisheries protection
Wildlife habitat

Social amenities
Human habitat function
Recreation opportunities
Tourist opportunities
Aesthetic function
Sanitary functions:
• Disease
buffering
• Therapeutic
• Dust
sequestration
• Noise reduction
Educational function

Quantifying forest services

Quantitative values of ecosystem services can be considered as the outputs of the
forest ecosystem model, like BaseModel0, in a case of natural dynamics or
MetaModel1 in a case of anthropogenic dynamics and appears as MetaModel2. It
should be noted that there is no analytic expression for BaseModel0, MetaModel1
or MetaModel2. In most cases, they can only be formalized by building complex
process-based simulation models. As Costanza and Folke [1997] put it, “one way
to get at these values would be to employ systems-simulation models that
incorporate the major linkages in the system at the appropriate time and space
scales.”
For example, to quantify the hydrological service of a forest, an approach has been
suggested [Khaiter 1993] that is based on a simulation modelling “Forest
hydrology” (SMFH) of the processes of moisture transformation in a forested
watershed. The SMFH simulates the processes of forest hydrology, and produces
as outputs the values of the water balance components, and provides a
quantitative assessment of the hydrological service of the forest under different
management scenarios.
4.3

Forest and carbon cycles

Along with other terrestrial and marine ecosystems, forests are an important
carbon sink. For example, Canadian forests cover an estimate area of 303 million
hectares and store an estimate of 95 Gt of carbon [Henschel and Gray 2007,
Roulet 2000]. A comparison of different Canadian forest regions revealed that
boreal forests store more carbon than any other forest types [Henschel and Gray
2007, Kurz 1999]. The ability to sequester atmospheric carbon dioxide and
accumulate carbon in biomass (trunks, branches, foliage, and roots) and soils
makes forest ecosystems an important component of climate change mitigation
and, broadly, global environmental sustainability.
Carbon accumulation in forests is the balance of gross primary production
(photosynthesis) and ecosystem respiration. There is a wide range of processes
and factors that influence and control carbon dynamics in forest ecosystems and
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may cause substantially multiplicative effects. As noted by Pregitzer and
Euskirchen [2004], even small shifts in the [carbon] balance can result in a large
change in the uptake or emission of CO2. These effects should be quantified and
incorporated in the models.
4.4

Forest carbon pools

Physical, chemical and biological processes controlling carbon fluxes in a forest
ecosystem take place in its different components, called carbon pools. In
quantifying carbon budget, the following pools can be distinguished: foliage, fine
branch, large wood, fine root, and coarse root, non-tree vegetation, litter, organic
soil to a depth of 1 m (including peat) and mineral soil (Fig. 1).

Figure 1 Forest carbon pools, natural and anthropogenic factors.
In each pool, carbon may appear in different forms. For example, soil carbon can
be present as soil organic carbon (SOC) and soil inorganic carbon (SIC) while inwater carbon can be considered as dissolved organic carbon (DIC), dissolved
carbon dioxide (DCO2), dissolved bicarbonate (DBC), dissolved organic carbon
(DOC) and particulate organic carbon (POC). The balance condition should
obviously be satisfied for each carbon pool:
dC j
=
dt

∑ INC − ∑ OUT
j

i

i

k

j

,

(3)

k

where j denotes a carbon pool; Cj is the carbon contents in the jth carbon pool; t is
the time variable; INCij, OUTkj are the ith incoming flux and kth outcoming flux,
respectively, for the jth carbon pool. Soil is the main carbon sink in forest. As
estimated [Dixon 1994], over two-thirds of the carbon in the global forest
ecosystems is contained in soils and associated peat depositions. Recent
publications argue for a more detailed soil module in the carbon-inventory models
including different groups of micro-organisms. For example, a soil module
developed for the ANAFORE forest model includes three functional groups of
micro-organisms (bacteria, mycorrhizal fungi and non-mycorrhizal fungi) that
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degrade and translocate organic compounds in nine mineral layers [Deckmyn et al.
2011].
4.5

Natural and anthropogenic factors

Carbon cycles in each pool are affected by natural factors. In quantifying the
dynamics of forest carbon recycling and sequestration, the most important natural
factors are: air temperature, solar radiation, precipitation, wind, fire, soil water
content, soil texture, atmospheric composition, nutrients, and herbivore [Koo et al.
2011, Scheller et al. 2011] (Fig. 1). In quantitative assessment of the
anthropogenic factors in the ecosystem dynamics, it is important to distinguish
between two kinds of stress: (1) a direct impact on abiotic part of the ecosystem
(A-stress); and (2) a direct impact on ecosystem biotic assemblages (B-stress) as
well as understand the patterns in ecosystem stress dynamics [Khaiter and
Erechtchoukova 2007].
Human-induced impact onto forest ecosystems can be caused, e.g. by
deforestation, harvesting, cultivation, burning, recreation, air pollution, soil acidity
and toxicity (Fig. 1). Important that large quantities of carbon accumulated in forest
ecosystems for decades to centuries can be released to the atmosphere over short
periods of time following disturbance [Pregitzer and Euskirchen 2004, Koerner
2003]. To formalize the anthropogenic dynamics of the FEES, that is, the
transformations from naturally controlled conditions to the anthropogenically
impacted states as specified by the Eq. 2, it is suggested to use functions of
anthropogenic impact (FAI) for the corresponding management activity uk. A
sample study on building the transformation functions for forest ecosystems can be
found in [Khaiter 1991]. A sample view of FAIs from the perspectives of ecosystem
critical conditions [Puzachenko 1989] and FEES anthropogenic dynamics [Khaiter
1991] is shown in Fig. 2.

Figure 2 View of FAI [x-axis is time; y-axis represents coordinates of x(t)].

5

CONCLUSION

Planetary role of forest ecosystems in carbon cycles and as carbon sinks, in
particular, should be taken into the consideration when deciding on the scenarios
of sustainable environmental management. Global forest resources assessment
[FAO 2006] estimated the annual loss of 13 million hectares of forests caused by
anthropogenic deforestation and natural factors, like forest fires. Global climate
change coupled with other environmental problems calls to reverse this trend.
Preservation of existing forests and regeneration (re-growth) of forests on
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previously deforested landscapes appear as valid alternatives of societal
development, especially in view of the fact that forest service of carbon
sequestration “often complements other environmental goals including protection
of biologic, water, and soil resources” [Dixon et al. 1994]. Moreover, as noted [e.g.
Fenshaw and Guymer 2009, Ngugi et al. 2011], there are emerging opportunities
of carbon markets making forest preservation and restoration for biodiversity
conservation and carbon accumulation purposes both environmentally and
economically feasible. Any practical implementation of these management
directions requires information on the quantitative values of ecosystem services
that can be generated by forests under different management strategies.
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